Density functional theory calculations and molecular dynamics simulations were performed to investigate the hydrogen storage capacity in the sII hydrate. Calculation results show that the optimum hydrogen storage capacity is ~5.6 wt%, with the double occupancy in the small cage and quintuple occupancy in the large cage. Molecular dynamics simulations indicate that these multiple occupied hydrogen hydrates can occur at mild conditions, and their stability will be further enhanced by increasing the pressure or decreasing the temperature. Our work highlights that the hydrate is a promising material for storing hydrogen.
Introduction
Hydrogen has attracted great attention as an alternative renewable and sustainable transportation fuel [1, 2] . For the practice applications, a mass of materials have been studied for hydrogen storage, including nanostructured materials, carbon-based materials and metal hydrides [3] [4] [5] . However, it is still challenging to develop highly efficient hydrogen storage materials. In recent decades, clathrate hydrates have been proposed as a promising technology for hydrogen storage [6] [7] [8] [9] [10] . Clathrate hydrates are solid compounds in which small gas molecules are trapped in the hydrogen-bonded cages of water molecules. There are three most common crystalline structures of hydrates: sI, sII, and sH [11, 12] . Hydrogen favors to form sII hydrate, which contains sixteen small 5 12 (12 pentagonal faces) cages and eight large 5 12 6 4 (12 pentagonal and four hexagonal faces) cages in one unit cell.
Mao et al. [6, 13] experimentally synthesized sII hydrogen hydrate at about 200 Mpa and suggested that the cage occupancy is two H 2 molecules in 5 12 cage and four H 2 molecules in 5 12 6 4 cages. Patchkovskii et al. [14] theoretically investigated the stability of pure hydrogen hydrate and indicated that the cage occupation of 5 12 and 5 12 6 4 cages is 2.00 and 3.96 H 2 molecules, respectively. They also demonstrated that pure hydrogen hydrates are stable at 2.5 MPa and 150 K. Quantum dynamics [15, 16] , path integral molecular dynamics [17] , and the force-matching method [18] suggested that the maximum occupancy of 5 12 6 4 cage is four hydrogen molecules at low temperatures. Raman spectra study [19] predicted that 5 12 cage can be doubly occupied by H 2 molecules. Molecular dynamics simulations [20] indicated that H 2 molecules can migrate from the 5 12 cages to neighboring cages for hydrogen hydrate with double small-cage occupation. Papadimitriou et al. [21] suggested that the hydrogen occupancy of 5 12 6 4 cages is considerably influenced by the lattice constant, and Brumby et al. [22] observed that a small number of the large cages could be occupied by five H 2 molecules. Willow and Xantheas [10] demonstrated that 5 12 and 5 12 6 2 cages can accommodate three and six H 2 molecules, respectively. Moreover, Lokshin et al. [23] demonstrated that 5 12 cages are singly occupied, which 5 12 6 4 cages can occupied by 2~4 H 2 molecules depending on pressure or temperature. Inerbaev et al. [24] suggested that 5 12 6 4 cages are quadruply occupied by H 2 molecules at 200 MPa and 190 K, and the cage occupancy decreases with the increase of the temperature. Raman measurements [25] suggested that the occupancy of 5 12 6 4 cages is less than or equal to two H 2 molecules. Therefore, the cage occupancy of the pure hydrogen hydrate is still controversial [26, 27] , and great efforts should be made to address this question.
On the other hand, high pressures are needed to form pure hydrogen hydrates, which is not economically feasible and leads to the research of the mixed hydrogen hydrates at lower pressures [28] [29] [30] [31] [32] [33] . For example, Florusse et al. [34] suggested that tetrahydrofuran can stabilize the hydrogen hydrates at 5.0 MPa and 279.6 K, and Lee's group [7] reported that the storage capacity is about 4.0 wt% at 12 MPa for the binary hydrogen hydrate. In addition, multiple H 2 molecules can be loaded into 5 12 and 5 12 6 4 cages through the replacement of N 2 hydrate by H 2 gas at moderate condition [9] . Nevertheless, the storage capacity of hydrates is compromised because the additional molecules occupy the large cages instead of hydrogen clusters.
In this paper, we carried out density functional theory calculations and molecular dynamics simulations to study the hydrogen storage properties of hydrogen hydrate. Our results showed that the optimum storage capacity of the pure hydrogen hydrate can reach up to 5.6 wt%. Moreover, these multiply occupied hydrogen hydrates can occur at mild pressure and low temperature, which would be helpful to inspire new experiments for synthesizing hydrogen hydrate with high storage capacity.
Computational Details
Firstly, we built a primitive cell (11.89 × 11.89 × 11.89 Å 3 ) of sII hydrate [35] , which consists of four 5 12 and two 5 12 6 4 cages. After filling a hydrogen cluster of (H 2 ) n = 1~6 and (H 2 ) m = 1~8 into the 5 12 cage and the 5 12 6 2 cage, respectively, we carried out the geometry optimization for the hydrates with three-dimensional periodic boundary conditions, in which the coordinates of atoms were adjusted so that the energy of the structure is brought to a stationary point. There are no imaginary frequencies in vibrational analysis, presenting the most stable structures. The calculations were implemented through DMol 3 program. The Becke-Lee-Yang-Parr [36, 37] (BLYP) exchange-correlation functional and the double numerical plus polarization, with addition of diffuse functions (DNP+) basis set [38] were applied. The Tkatchenko-Scheffler approach [39] was used for the dispersion correction. The convergence criteria is 1 × 10 −5 Ha for the total energy,0.002 Ha/Å for forces, 0.005 Å for displacement, and 1 × 10 −6 Ha for SCF interactions.
The stability of the hydrates was characterized by the cohesive energy per water molecule (E coh ) that was computed as following [40] :
where E hydrogen denotes the energy of the hydrogen molecule, E water denotes the energy of the water molecule, E hydrate denotes the energy of the hydrate, and x denotes the number of hydrogen molecules. Zero-point energy is added to the electronic energy when computing and comparing above energies. Further, global reactivity parameters such as the electronegativity (χ) [41] , global hardness (η) [42] and electrophilicity index (ω) [43] were calculated by the following equations:
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where E represents the total energy, N represents number of electrons, and v( → r ) represents external potential. The binding ability of single H 2 molecule within the hydrate was evaluated by the interaction energy (E int ), as [8] E
where E H 2 is the energy of single H 2 molecule, and E residual is the energy of the hydrate with one lost H 2 molecule. The distortion of the water lattice was characterized by the deformation energy (E def ), as [44] 
where E cage is the energy of the hydrate without hydrogen molecules at its geometry to accommodate hydrogen clusters, and E opt−cage is the energy of the hydrate without hydrogen molecules at its optimized geometry. Subsequently, we chose the most thermodynamically stable structure of pure hydrogen hydrates, with two H 2 molecules in 5 12 cages and five in 5 12 6 4 cages, and investigated the effect of temperature and pressure on its stability. By using a large-sized unit cell (23.78 × 23.78 × 23.78 Å 3 ) and three-dimensional periodic boundary conditions, molecular dynamics (MD) simulations were carried out in the constant-pressure and constant-temperature (NPT) ensemble as implemented in the Discover program modules of Materials Studio developed by Accelrys Inc. [45] Initially, the atomic positions of water molecules were frozen and a 200-ps simulation was carried out. Then, the coordinate constraints of water molecules were removed and another 100-ps simulation was performed. The Andersen thermostat [46] was used to control the temperature and the Berendsen barostat [47] was used to control the pressure. The Ewald summation method [48] and COMPASS force field [49] [50] [51] was used for the energy calculation, and the time step was set 1.0 fs.
The diffusion motion of the hydrogen hydrate was characterized by the mean square displacement (MSD), which was calculated by the following equation:
where → r i (t) − → r i (0) is the shift distance of molecules in an interval t, and the angular brackets indicate an ensemble average. According on the Debye theory [52] , the diffusion coefficient (D) can be obtained by the equation:
Results and Discussion

The Hydrate Stability with Respect to the Hydrogen Occupancy
For the multiple hydrogen hydrate, we considered complexes encapsulated with a (H 2 ) n = 1~6 cluster in the small cage and simultaneously with a (H 2 ) m = 1~8 cluster in the large cage. The calculated cohesive energies are shown in Figure 1 . It can be seen that the optimum occupancy of 5 12 cage is two H 2 molecules, because the hydrate has the highest stability. For the large cage, when it encapsulates five or six H 2 molecules, the hydrate exhibits the highest stability. Encapsulating the excess H 2 molecules in 5 12 6 2 cage will decrease the stability of the hydrate. Encouragingly, the highest cohesive energy occurs when two H 2 molecules are encapsulated in 5 12 cage and simultaneously five in 5 12 6 2 cage, leading to the hydrogen storage capacity of~5.6 wt%. energy occurs when two H2 molecules are encapsulated in 5 12 cage and simultaneously five in 5 12 6 2 cage, leading to the hydrogen storage capacity of ~5.6 wt%. Figure 2 shows the global hardness (η), the electrophilicity index (ω), the interaction energy (Eint) and the deformation energy (Edef) for the hydrogen hydrates. As compared with the hydrate without encapsulating H2 molecules (η = 3.355 eV), the single occupancy in the small and large cages results in a large hardness (3.437 eV) of the hydrate. This suggests that the singly occupied hydrate has a potential to resist changes in its electron number and distribution, exhibiting the high chemical stability. It can be attributed to the fact that the interactions between H2 molecules and the host lattice stabilize the hydrate. Upon adding a second H2 molecule in the small cage, the hardness of the hydrate further increases to 3.487 eV, implying that this doubly occupied hydrate will be less polarizable if electron transfer or rearrangement is necessary for the reaction. By sequentially increasing the number of H2 molecules in the large cage, the hardness of the hydrogen hydrates firstly increases and then decreases, featuring a maximum value (3.608 eV) at m = 5. This confirms that when the small and the large cages accommodate two and five H2 molecules, respectively, the hydrogen hydrate has the highest stability. Figure 2b shows that the singly occupied hydrate has a smaller eletrophilicity index than the hydrate without H2 molecules (2.264 eV vs. 2.365 eV), indicating that the electron transfer process will be less energetically favorable in the former. As for the double occupancy in the small cage, the propensity of the hydrate to soak up electrons becomes poorer due to its smaller electrophilicity index (2.192 eV), corresponding to the higher chemical stability. Moreover, the electropilicity index decreases when the number of H2 molecules in the large cage increases to five. These results match well with the aforementioned the cohesive energies, confirming that the optimum storage capacity of sII hydrate should be ~5.6 wt% H2. Figure 2 shows the global hardness (η), the electrophilicity index (ω), the interaction energy (E int ) and the deformation energy (E def ) for the hydrogen hydrates. As compared with the hydrate without encapsulating H 2 molecules (η = 3.355 eV), the single occupancy in the small and large cages results in a large hardness (3.437 eV) of the hydrate. This suggests that the singly occupied hydrate has a potential to resist changes in its electron number and distribution, exhibiting the high chemical stability. It can be attributed to the fact that the interactions between H 2 molecules and the host lattice stabilize the hydrate. Upon adding a second H 2 molecule in the small cage, the hardness of the hydrate further increases to 3.487 eV, implying that this doubly occupied hydrate will be less polarizable if electron transfer or rearrangement is necessary for the reaction. By sequentially increasing the number of H 2 molecules in the large cage, the hardness of the hydrogen hydrates firstly increases and then decreases, featuring a maximum value (3.608 eV) at m = 5. This confirms that when the small and the large cages accommodate two and five H 2 molecules, respectively, the hydrogen hydrate has the highest stability. Figure 2b shows that the singly occupied hydrate has a smaller eletrophilicity index than the hydrate without H 2 molecules (2.264 eV vs. 2.365 eV), indicating that the electron transfer process will be less energetically favorable in the former. As for the double occupancy in the small cage, the propensity of the hydrate to soak up electrons becomes poorer due to its smaller electrophilicity index (2.192 eV), corresponding to the higher chemical stability. Moreover, the electropilicity index decreases when the number of H 2 molecules in the large cage increases to five. These results match well with the aforementioned the cohesive energies, confirming that the optimum storage capacity of sII hydrate should be~5.6 wt% H 2 .
For the singly occupied hydrate, the interaction energy per H 2 molecule in the small and large cages was 0.168 eV and 0.137 eV, respectively. For the double occupancy in the small cage, the interaction energy slightly decreased to 0.160 eV in the small cage, and maintained 0.137 eV in the large cage. This indicates that the small cage can accommodate two H 2 molecules, without significantly decreasing the binding ability of the H 2 molecule. From Figure 2c , it can be seen that the interaction energy gradually increases as the number of H 2 molecules in the large cage increases from one to five. While adding an excess H 2 molecule, the interaction energy declines, suggesting that the optimum occupancy of the large cage is five H 2 molecules. For the singly occupied hydrate, the interaction energy per H2 molecule in the small and large cages was 0.168 eV and 0.137 eV, respectively. For the double occupancy in the small cage, the interaction energy slightly decreased to 0.160 eV in the small cage, and maintained 0.137 eV in the large cage. This indicates that the small cage can accommodate two H2 molecules, without significantly decreasing the binding ability of the H2 molecule. From Figure 2c , it can be seen that the interaction energy gradually increases as the number of H2 molecules in the large cage increases from one to five. While adding an excess H2 molecule, the interaction energy declines, suggesting that the optimum occupancy of the large cage is five H2 molecules. Figure 2d shows that the deformation energy of the host lattice is 0.008 eV for the single occupancy of the cage, but it increases to 0.039 eV for the double occupancy in the small cage. This indicates that the small cage will become slightly distorted to accommodate two H2 molecules. On the other hand, when the large cage accommodates 1-5 H2 molecules, the deformation energy fluctuates around ~0.042 eV. While the deformation energy greatly increases as the large cage encapsulates the excess H2 molecules. In addition, we analyzed the radial distribution functions (RDFs) of oxygen atoms of water molecules in hydrogen hydrates with different cage occupancy. From Figure 3 , it can be seen that the RDF for the hydrate without encapsulating H2 molecules has a sharp and narrow peak at ~2.710 Å, corresponding to the hydrogen bond length of water molecules [53] . The second peak at ~4.350 Å indicates the tetrahedral structure of water molecules in the hydrate. In the case of the single occupancy, the positions of two peaks have no change, while the intensity of first peak becomes relatively small. Moreover, RDFs of the hydrates exhibit the same trend when a (H2)2 cluster resides in the small cage and a (H2)m = 1~5 cluster in the large cage. In contrast, the first peak is significantly broadened and weakened by sequentially increasing the number of H2 molecules in the large cage, corresponding to the considerable deformation of the host lattice. This result further suggests that the optimum cage capacity of the large cage is five H2 molecules. Figure 2d shows that the deformation energy of the host lattice is 0.008 eV for the single occupancy of the cage, but it increases to 0.039 eV for the double occupancy in the small cage. This indicates that the small cage will become slightly distorted to accommodate two H 2 molecules. On the other hand, when the large cage accommodates 1-5 H 2 molecules, the deformation energy fluctuates around 0.042 eV. While the deformation energy greatly increases as the large cage encapsulates the excess H 2 molecules. In addition, we analyzed the radial distribution functions (RDFs) of oxygen atoms of water molecules in hydrogen hydrates with different cage occupancy. From Figure 3 , it can be seen that the RDF for the hydrate without encapsulating H 2 molecules has a sharp and narrow peak at~2.710 Å, corresponding to the hydrogen bond length of water molecules [53] . The second peak at~4.350 Å indicates the tetrahedral structure of water molecules in the hydrate. In the case of the single occupancy, the positions of two peaks have no change, while the intensity of first peak becomes relatively small. Moreover, RDFs of the hydrates exhibit the same trend when a (H 2 ) 2 cluster resides in the small cage and a (H 2 ) m = 1~5 cluster in the large cage. In contrast, the first peak is significantly broadened and weakened by sequentially increasing the number of H 2 
Effect of Pressure on the Hydrate Stability
Above studies mainly investigated the thermodynamic stability of the hydrogen hydrate as a function of the H2 occupancy, which were conducted at 0 K in vacuum. However, pressure and temperature can significantly affect the hydrate stability. Therefore, in the following work, we chose the most thermodynamically stable structure of the hydrogen hydrates, which has two H2 molecules in 5 12 cage and five in 5 12 6 2 cage, and investigated the effect of temperature and pressure on its stability Figure 4 shows the equilibrium configurations of the dynamic trajectories for the hydrogen hydrate at 250 K and at the pressure of 200, 100, 20, and 5 MPa, respectively. Clearly, the hydrate can maintain its structure at 200 MPa, despite of little deformation caused by the thermal and structural fluctuations. As the pressure decreases, the deformation of the hydrate structure becomes more significant; however, the crystal structure can still be observed at 20 MPa. In contrast, at 5 MPa the positions of water molecules are considerably changed and the hydrate structure almost disappears during the dynamics. 
Above studies mainly investigated the thermodynamic stability of the hydrogen hydrate as a function of the H 2 occupancy, which were conducted at 0 K in vacuum. However, pressure and temperature can significantly affect the hydrate stability. Therefore, in the following work, we chose the most thermodynamically stable structure of the hydrogen hydrates, which has two H 2 molecules in 5 12 cage and five in 5 12 6 2 cage, and investigated the effect of temperature and pressure on its stability. Figure 4 shows the equilibrium configurations of the dynamic trajectories for the hydrogen hydrate at 250 K and at the pressure of 200, 100, 20, and 5 MPa, respectively. Clearly, the hydrate can maintain its structure at 200 MPa, despite of little deformation caused by the thermal and structural fluctuations. As the pressure decreases, the deformation of the hydrate structure becomes more significant; however, the crystal structure can still be observed at 20 MPa. In contrast, at 5 MPa the positions of water molecules are considerably changed and the hydrate structure almost disappears during the dynamics. Figure 5a shows RDFs of oxygen atoms of water molecules in hydrate at four different pressures. There are two evident peaks at~2.710 Å and~4.430 Å, respectively, indicating the tetrahedral bonding structure of water molecules. However, as the pressure decreases, the intensity of the first peak decreases, suggesting that the hydrogen bonds become weak. Meanwhile, the second peak becomes broadened and shifts to the right, implying that the hydrate has a large deformation. Further, we characterized the diffusion of the hydrate at different pressure. Figure 5b shows the mean square displacement (MSD) of molecules in the hydrogen hydrate. As the pressure decreases, MSD increases more quickly and has a larger slope, corresponding to the rapid diffuse of molecules in the hydrate. The diffusion coefficient is 0.857, 1.033, 1.329, and 1.992 × 10 −5 cm 2 /s for the hydrate at 200, 100, 20, and 5 MPa, respectively. This indicates that the hydrate will exhibit significant diffusive motion at low pressure, and thus has a less stability. Figure 5a shows RDFs of oxygen atoms of water molecules in hydrate at four different pressures. There are two evident peaks at ~2.710 Å and ~4.430 Å, respectively, indicating the tetrahedral bonding structure of water molecules. However, as the pressure decreases, the intensity of the first peak decreases, suggesting that the hydrogen bonds become weak. Meanwhile, the second peak becomes broadened and shifts to the right, implying that the hydrate has a large deformation. Further, we characterized the diffusion of the hydrate at different pressure. Figure 5b shows the mean square displacement (MSD) of molecules in the hydrogen hydrate. As the pressure decreases, MSD increases more quickly and has a larger slope, corresponding to the rapid diffuse of molecules in the hydrate. The diffusion coefficient is 0.857, 1.033, 1.329, and 1.992 × 10 −5 cm 2 /s for the hydrate at 200, 100, 20, and 5 MPa, respectively. This indicates that the hydrate will exhibit significant diffusive motion at low pressure, and thus has a less stability. For the thermodynamically stable structure (at 0 K), the hydrate has the density of about 0.906 g/cm 3 , while in a thermal and structural fluctuating environment its density decreases because of the enlarged lattice parameters. From Figure 5c , the density of the hydrate decrease to 0.897 g/cm 3 at 200 MPa, 0.880 g/cm 3 at 100 MPa, and 0.859 g/cm 3 at 20 MPa, but these values remain unchanged during the simulations. In contrast, at 5 MPa the hydrate density decreases from 0.849 g/cm 3 to 0.787 g/cm 3 For the thermodynamically stable structure (at 0 K), the hydrate has the density of about 0.906 g/cm 3 , while in a thermal and structural fluctuating environment its density decreases because of the enlarged lattice parameters. From Figure 5c , the density of the hydrate decrease to 0.897 g/cm 3 at 200 MPa, 0.880 g/cm 3 at 100 MPa, and 0.859 g/cm 3 at 20 MPa, but these values remain unchanged during the simulations. In contrast, at 5 MPa the hydrate density decreases from 0.849 g/cm 3 to 0.787 g/cm 3 at 100 ps, implying that the hydrate can not maintain its structure at 5 MPa. Figure 6 shows the dynamically relaxed configurations of the hydrogen hydrate at mild pressure (20 MPa) and at temperatures of 280, 250, 200, and 150 K, respectively. It can be seen that the crystalline structure of the hydrate disappears at 280 K. When the temperature decreases, the hydrate becomes more stable and keeps its structure at the temperature of less than 200 K. From Figure 7a , it can be seen that there are two significant peaks at~2.710 Å and~4.450 Å, respectively, also implying the tetrahedral bonding structure of water molecules. The intensity of two peaks increases with the decrease of the temperature, suggesting that the stability of the hydrate is improved at the low temperature. Figure 7b shows that the hydrate diffuses significantly at 280 K, while it exhibits less diffusive at 250, 200, and 150 K. It implies that the hydrate will maintain its crystalline structure when the temperature decreases to 250 K. The diffusion coefficient of the hydrate is 4.189, 1.033, 0.682, and 0.514 × 10 −5 cm 2 /s at 280 K, 250 K, 200 K, and 150 K, respectively. It further demonstrates that the hydrate become less diffusive as the temperature decreases. Further, Figure 7c indicates that the initial density of the hydrate is~0.830 g/cm 3 
Effect of Temperature on the Hydrate Stability
Conclusions
In this work, we carried out density functional theory calculations and molecular dynamics simulations to investigate the thermodynamic and dynamic stability of sII hydrogen hydrate. Our calculations show that the optimum cage occupancy is two and five H2 molecules for the small and large cages, respectively, leading to the hydrogen storage capacity of~5.6 wt%. Through molecular dynamics simulations, we found that the hydrogen hydrate can occur under the conditions of the mild pressure (>20 MPa) and the low temperature (<250 K). Despite of the unclear formation conditions, our results highlight that clathrate hydrates should be a satisfied method for the hydrogen storage. 
